Oligodendrocytes are the myelin-forming cells in the central nervous system of vertebrates. In the rodent embryo, these cells have been shown to emerge from restricted territories of the neuroepithelium. However, a comprehensive view of the development of oligodendroglial populations from their ventricular sources remains to be established. As a first step toward this aim, we have examined in vivo the spatiotemporal emergence of oligodendrocytes in the chick embryonic brain. We have detailed the patterns of expression of three early markers of the oligodendroglial lineage: the plp/dm-20 and PDGFR␣ transcripts and the O4-reactive antigen. During embryonic development, these molecules showed a similar segmental pattern of expression. However, plp/dm-20 ؉ cells were already observed, in the ventricular layer, at E2.5, i.e., 2 days before the appearance of O4 ؉ and PDGFR␣ ؉ cells, suggesting that oligodendrocyte precursors arise nearly simultaneously with neurons. In the chick embryonic brain, the onset of expression of plp/dm-20 appears therefore to be the earliest event indicative of oligodendroglial specification and we propose, based on the expression of plp/dm-20 transcript, a ventricular map of the foci at which oligodendrocytes originate. In addition, we document the precocious segregation, from E5, of plp/dm-20 ؉ and PDGFR␣ ؉ oligodendroglial cells in the subventricular and mantle layers of the brain.
INTRODUCTION
Oligodendrocytes are the myelin-forming cells of the vertebrate adult central nervous system (CNS). In the rodent embryo, descriptive and experimental studies have shown that oligodendrocytes originate from early segregating precursors characterized by the expression of two molecular markers, PDGFR␣ (Pringle and Richardson, 1993; Hall et al., 1996) and plp/dm20 (Timsit et al., 1995; Spassky et al., 1998) . PDGFR␣ is a receptor tyrosine kinase implicated in a variety of developmental processes including the survival and proliferation of oligodendrocyte progenitors (Noble et al., 1988; Richardson et al., 1997; Soriano et al., 1997) . Plp/dm-20 belongs to the dm family of genes whose members have been identified in the shark, the ray (Kitagawa et al., 1993) , and the mouse (Yan et al., 1993) . Plp encodes two alternatively spliced products: the proteolipid protein (PLP) and DM-20, which are proteins with four putative transmembrane domains (Wahle and Stoffel, 1998; Popot et al., 1991) and are the major protein components of higher vertebrate CNS myelin (Lees and Brostoff, 1984; Griffiths et al., 1998) . A specific feature of oligodendrocyte precursors is their restricted localization in the developing neural tube. In the spinal cord, they form two continuous columns of neuroepithelial cells localized lateroventrally to the basal plate on either side of the central canal (Pringle and Richardson, 1993) . In the mouse brain, it has been shown that oligodendrocytes emerge from multiple foci of the basal and alar plates (Spassky et al., 1998) . However, the development of oligodendroglial populations from each of their ventricular sources has not yet been examined in vivo and a comprehensive view of the migration pathways followed by oligodendrocyte progenitors in the CNS remains to be established. For such investigations, the avian system is remarkably convenient, because of the accessibility of the embryo at all stages of development (Le Douarin, 1969 , 1993 . The O4 mAb (Sommer and Schachner, 1981; Bansal et al., 1989 Bansal et al., , 1992 and the R mAb (Ranscht et al., 1982; Bansal et al., 1989) have been used to identify cells of the oligodendroglial lineage in the embryonic chick CNS (Ono et al., 1995 (Ono et al., , 1997a . Early O4 ϩ oligodendroglial cells presenting a neuroepithelial-like morphology were observed as symmetrical foci located in the ventral ventricular zone, close to the floor plate, in the metencephalon and the spinal cord, at stage 24 -26 (E4.5-5) and stage 29 (E6 -6.5), respectively (Ono et al., 1995 (Ono et al., , 1997a . These O4 ϩ oligodendrocyte progenitors form an actively self-renewing population (Miller et al., 1997) , but appear to be produced from the germinative neuroepithelium during a defined period of embryonic development. Indeed, using complement-mediated cell lysis experiments performed with the O4 mAb, Ono et al. (1995) reported that O4 ϩ cells were continuously produced between E4 and E9, but no longer generated after the latter stage. Therefore, in the chick embryonic CNS, specification of the oligodendrocyte lineage from multipotent neural precursors is probably a transient event which stops at around E9. Using the quailchick chimera system, extensive migrations of oligodendrocyte progenitors have been demonstrated during spinal cord differentiation (Cameron-Curry and LeDouarin, 1995, Pringle et al., 1998) . It has also been shown that oligodendrocytes in the chick optic nerve originate from a focal ventral region of the third ventricle (Ono et al., 1997b) . However, an extensive analysis of the migration of oligodendrocyte progenitors in the brain requires the establishment of a detailed map of the sites of emergence of oligodendrocyte precursors along the neural tube.
Here, we have compared, in the developing avian CNS, the spatiotemporal pattern of expression of plp/dm-20 and PDGFR␣ transcripts and O4-reactive antigen, the three earliest markers of oligodendrocyte lineage currently available. We show a ventricular expression of plp/dm-20 transcripts, which precedes by 2 days that of O4-reactive antigen and PDGFR␣ transcripts, and provide evidence that the distribution of plp/dm-20 ϩ precursors reflects the map of oligodendrogenesis in the developing brain. Moreover, we also report that in the subventricular zone and mantle layer, oligodendrocyte progenitors early segregate into two populations: plp/dm-20 ϩ /PDGFR␣ Ϫ and PDGFR␣ ϩ /plp/ dm-20 Ϫ cells, suggesting that, postinduction, oligodendrocyte precursors can take multiple paths to achieve their end state.
MATERIALS AND METHODS
Chick eggs were obtained from a commercial breeder (Earl-Moriseau, Dangers, France) and incubated at 38°C in a humid atmosphere. Embryos were fixed at different incubation times and staged according to the Hamburger and Hamilton table (Hamburger and Hamilton, 1951) .
RT-PCR Analysis
RNA was extracted from whole chick embryos between E1 and E4, dissected CNS of embryos between E6 and E18, and E18 liver using guanidium thiocyanate (Chirgwin et al., 1979) . Total RNA was used as a template for first-strand cDNA synthesis using random primers (Pharmacia Biotech, Uppsala, Sweden). M-MLV reverse transcriptase (Life Technologies, Gaithersburg, MD) was used for the extension, according to the protocol provided by the manufacturer. Second-strand cDNA was synthesized during a single cycle of the PCR with a thermostable polymerase (from Thermus aquaticus). For this reaction, two oligonucleotide primers (Genset, Paris) specific for chick plp/dm-20 (Schliess and Stoffel, 1991) were used. The 5Ј primer (primer I, AGCGAGTCGGGTGC-CATGGGT) contained the initiation codon (underlined), whereas the 3Јprimer (primer II, GCTAGAACTTGGTGCCCCG) was complementary to the 3Ј end of the chick plp/dm-20 coding region and contained the antisense stop codon (underlined). Amplification was performed in a MJ Research programmable cycle controller with primers I and II. The following parameters were used for the reaction: hot start (5 min) at 96°C, addition of Taq polymerase (2.5 U/50 ml), followed by denaturation (45 s) at 94°C, annealing at 63°C (45 s), and elongation at 72°C (45 s) for 30 cycles. The PCR mixture was electrophoresed in a 2% agarose gel and stained with ethidium bromide. To confirm that the two bands observed corresponded to plp (850 bp) and dm20 (745 bp) transcripts, the separated products were transferred onto Hybond-N ϩ membranes and hybridized with a random-primed 32 P-radiolabeled plp probe. In addition, the RT-PCR product s were submitted to digestion with either EaeI or ApaI restriction enzyme followed by gel electrophoresis, and the digested products showed the expected migration profiles.
Antibodies
Mouse monoclonal O4 antibody (O4 mAb) is a culture supernatant obtained from O4 hybridoma cells (IgM; Sommer and Schachner, 1981) and was used diluted 1:5 in 10% normal goat serum, 1% gelatin, 5% BSA, and 0.05% sodium azide in PBS (staining buffer I) (Warrington and Pfeiffer, 1992; Hardy and Friedrich, 1996) for immunostaining on Vibratome sections. Mouse monoclonal anti-galactosylceramide (GalC) antibody is a culture supernatant obtained from R-mAb hybridoma cells (IgG3; Rantsch et al., 1982) and was used diluted 1:30 in staining buffer I. Mouse monoclonal TuJ1 antibody (IgG2a; Trimmer et al., 1986; Easter et al., 1993) was a gift from A. Frankfurter (University of Virginia, Charlottesville, VA) and was used diluted 1:1000. Mouse monoclonal MAP2 antibody (IgG1; Binder et al., 1986) was used diluted 1:20. The rat monoclonal AA3 antibody is a culture supernatant from AA3 hybridoma cells (Yamamura et al., 1991; gift from K. Ikenaka) and was used diluted 1:80. For TuJ1, AA3, and MAP2 immunostaining, the antibodies were diluted in 0.2% gelatin, 0.2% Triton X-100, 0.1 M lysine, and 0.1% sodium azide in PBS (staining buffer II). Fluorescein-conjugated goat antibodies against mouse IgM and rhodamine-conjugated goat antibodies against mouse IgG3 (Southern Biotechnology, Birmingham, AL) were used diluted 1:100. Biotin-conjugated goat antibody against mouse IgG2a or IgG1 and rat Ig (Boehringer) were used diluted 1:200. Rhodamineconjugated streptavidin was from Boehringer and used diluted 1:500. Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, CA) was used diluted 1:150.
Tissue Preparation for Immunochemistry or in Situ Hybridization
perfused through the left ventricle with 4% PFA and postfixed overnight in the same fixative. For whole-mount in situ hybridization, embryos at E1-7 were dehydrated, then stored in 100% methanol at Ϫ20°C. For in situ hybridization (ISH) with radiolabeled riboprobes, embryos were dehydrated and paraffin embedded. Sections (7-10 m thick) were collected on gelatin-chrom-alumcoated glass slides. For ISH with DIG-labeled riboprobes, or immunolabeling on cryosections, embryos were rinsed in PBS after fixation, then cryoprotected in PBS containing 15% sucrose for 12 h at 4°C. After being embedded in 15% sucrose and 7.5% gelatin in PBS, samples were frozen in melting isopentane, and sections cut on a Microm cryostat (20 m thick) were collected on Superfrost Plus glass slides (Menzel-Glaser, U.S.A.). Alternatively, the embryos were embedded in low-melting-point agarose and 100-mthick sections cut on a Leica Vibratome. For indirect immunofluorescence labeling, before incubation with antibodies, Vibratome sections were blocked for 1 h either in staining buffer I, for immunostaining with O4 and GalC mAbs, or in staining buffer II, for immunostaining with AA3 mAb. Cryosections were saturated in 50% sheep serum and 10% fetal calf serum in PBS containing 0.2% gelatin, 0.2% Triton X-100, 0.1% sodium azide. Sections were incubated with primary antibodies overnight at 4°C, rinsed in PBS, and then incubated with fluorochrome-conjugated secondary antibodies for 3 h at room temperature, followed by three washes in PBS (20 min each). Sections were then mounted in Fluoromount (Southern Biotechnology Associates, AL) to prevent fading of fluorescence.
For the revelation of AA3 immunostaining, the Tyramide Signal amplification kit was used (NEN Life Science Products, Boston, MA). After the incubation with biotin-conjugated secondary antibody, sections were rinsed in 0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.05% Tween 20 (TNT buffer) and blocked for 30 min in 0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent (TNB buffer) at room temperature. Sections were then incubated successively in streptavidin-horseradish peroxidase diluted 1:100 in TNB buffer and biotinyl tyramide 1:50 in amplification diluent for 30 and 5 min, respectively, and with fluochrome-conjugated streptavidin diluted 1:500 in TNT buffer. Each step was followed by three 5-min washes in TNT buffer.
For immunoperoxidase staining, endogenous peroxidase was inhibited by immersion of sections in 0.2% Triton X-100 and 1.5% H 2 O 2 in PBS for 15 min at room temperature. After the saturation step, sections were incubated overnight at 4°C in the first antibody. The next day, after elimination of excess antibody, sections were incubated in the biotin-conjugated secondary antibody for 1 h at room temperature and then with the Vectastain Elite ABC reagent. After two washes (10 min each) in 0.1 M Tris-HCl, pH 7.6, peroxidase activity was revealed using 3,3Ј-diaminobenzidine tetrahydrochloride (Dakopatts) as a chromogen (1 mg/ml in 0.1 M Tris-HCl, pH 7.6). All steps were followed by three 20-min washes in PBS. Sections were dehydrated in graded ethanol, transferred to xylene, and then mounted with Eukitt (O. Kindler GmbH and Co., Freiburg, Germany). Immunolabeled sections were examined and photographed under a Leica DRMB microscope, equipped for epifluorescence.
Despite extensive attempts, we did not succeed in performing, in vivo, double-labeling experiments on the same section with O4 mAb and plp/dm-20 riboprobe. This is probably because O4 mAb recognizes a lipid-bound epitope which is extracted during the treatments of the sections with organic solvent required for the ISH.
In Situ Hybridization
Patterns of gene transcription were determined by ISH using radiolabeled ([ 35 S]UTP; 1000 Ci/mmol; Amersham, Les Ulis, France) or digoxigenin-(DIG) or fluorescein-(Fluo) labeled antisense cRNA probes (Boehringer, Mannheim, Germany) transcribed from a 1-kb fragment including the coding region of chick plp/ dm-20 (provided by W. Stoffel) or Sonic hedgehog (provided by R. Riddle) or quail PDGFR␣ (provided by C. Marcelle) cDNAs cloned into pBluescript KS. Whole-mount hybridization was performed as described by Henrique et al. (1995) . ISH on cryostat sections were performed according to the protocol of Sträle et al. (1994) modified by Myat et al. (1996) . ISH with radiolabeled riboprobes were performed as described by Timsit et al. (1992) . For double ISH, cRNA probes synthesized with either DIG-UTP or Fluo-UTP (Boehringer) were detected with alkaline phosphatase (AP)conjugated anti-DIG, or anti-Fluo antibodies, respectively. The substrate for AP was either 5-bromo-4-indoyl phosphate/nitroblue tetrazolium chloride (blue) or BCIP/2-[4-iodophenyl]-3-[4nitrophenyl]-5-phenyl tetrazolium chloride (red) (Boehringer ). The more abundant of the two transcripts was detected first. The precipitate was then fixed with 4% PFA, and AP was inactivated by incubating the sections (15 min) in 0.1 M glycine, pH 2.2. The cryosections were blocked, and the second AP reaction was performed.
Isolation and Culture of Neural Tube Tissue
Dissociated cell cultures were derived from the basoventral plate of cordencephalon (rhombencephalon ϩ mesencephalon ϩ diencephalon) of E7 chick embryos as described by Ono et al. (1995) . For cultures of neural tube explants, brain territories were carefully dissected from chick embryos at stage HH10 -13 (E1-1.5). The surrounding ectodermal and mesodermal tissues, including the notochord, were eliminated by pancreatine (100 g/ml) treatment for 10 min at room temperature. The prosencephalic territory was divided into a diencephalic and a telencephalic region, the latter corresponding to the prospective cerebral cortex. The diencephalon, mesencephalon, metencephalon, and rhombencephalon were separated into dorsoalar and basoventral regions. Explants were plated onto coverslips that had been coated with poly-L-lysine (100 g/ml; Sigma) and collagen (300 g/ml; rat tail collagen; Boehringer Mannheim), then deposited on the bottom of 24-well plates (Costar). The cultures (three series of at least 10 explants of each type) were started in Medium 199 (Sigma) containing 10% FCS overnight, then maintained in vitro for 1-5 days in Medium 199 without serum. The presence of oligodendrocytes in explants was then examined by indirect immunofluorescence with O4 mAb.
RESULTS

Early Expression of dm20 and plp Transcripts in the Chick Embryo
The temporal expression of plp and dm-20 mRNAs was followed in the chick by RT-PCR in E1-3 whole embryos and E4 -18 dissected brains. At E1, only dm-20 mRNAs were detected, whereas from E1.5 onward both plp and dm-20 transcripts were coexpressed during embryonic development ( Fig. 1) . Specificity of the detected bands was ascertained by (i) restriction enzyme digestion and (ii) Southern blotting hybridized with a radiolabeled plp cDNA probe.
Segmental Pattern of Expression of plp/dm-20 Transcripts along the Rostrocaudal Axis of the Embryonic Brain
The sites of plp/dm-20 expression in the chick embryo were localized by in situ hybridization using a chick antisense riboprobe which recognized both plp and dm-20 transcripts. Plp/dm-20 transcripts were first detected at stage HH10 (E2) in migrating cephalic neural crest cells ( Fig.  2A ), as previously described in the mouse embryo (Timsit et al., 1995; Spassky et al., 1998) .
In the CNS, plp/dm-20-expressing cells were first observed at stage HH18 (E2.5) and were localized exclusively in the brain. They formed four discrete foci in the ventricular layer, with a segmental distribution along the rostrocaudal axis (Fig. 2B ). The more rostral site of plp/dm-20 expression was detected medially at the rostral pole of the prosencephalon in the chiasmatic area ( Fig. 2B ). In the diencephalic prosomere 1 (P1) ( Fig. 2C ) and in the mesencephalon, two other foci were localized bilaterally in the basal plate. In the hindbrain, the plp/dm-20 ϩ cells formed two paramedian columns, on either side of the floor plate, interrupted at the interrhombomeric boundaries (Figs. 2C, 2D, and 2E). In the spinal cord, caudal to r7, no plp/dm-20expressing cells were detected.
Between E4 and E5 (HH24 -HH26), the pattern of plp/ dm-20 expression changed significantly in the hindbrain ( Fig. 2F ) and forebrain (Figs. 2H-2K). Caudally, an additional column of ventricular plp/dm-20 ϩ cells (Fig. 2F , arrowheads) appeared laterally in the basal plate of rhombomere 1 (r1). In addition, plp/dm-20 expression extended laterally to the paramedian columns in the domains of r2, r3, and r4 ( Fig. 2F, arrows) . The general pattern of plp/dm-20 expression in the hindbrain remained, however, segmented. Rostrally, two new foci of plp/dm-20 ϩ cells appeared in the alar plate of the forebrain: the zona limitans intrathalamica, which separates the dorsal and ventral thalamus (P2/P3 boundary) (Figs. 2H-2J), and the entopeduncular area, which develops ventrally to the medial ganglionic eminence of the telencephalon (Figs. 2K, 2L, 6A, and 6B).
Between E2.5 and E5 (HH17-HH26), in the midbrain and caudal forebrain, the pattern of plp/dm-20 expression remained unchanged: plp/dm-20 ϩ cells were localized in the basal plate of mesencephalon and P1, but absent from the isthmic region, between r1 and the mesencephalon, and from the mesencephalodiencephalic boundary (Figs. 2I, and 2H). Therefore, at these stages of development, plp/dm-20 ϩ cells were distributed in a series of segmental foci localized caudally in the basal plate of the hindbrain and midbrain and caudal portion of the forebrain and rostrally in the alar plate of the forebrain.
At E6.5-7, plp/dm-20 ϩ cells were also detected in the spinal cord. However, these caudal plp/dm-20 ϩ cells were observed only in the neural parenchyme and not in the ventricular layer (Fig. 2G ). The transition between the packed ventricular territory of expression of plp/dm-20 and the scattered parenchymal plp/dm-20 ϩ cells occurred sharply at the caudal limit of r7 ( Fig. 2G) .
At the end of the first week of development, the ventricular pattern of plp/dm-20 expression regressed, whereas the number of plp/dm-20-expressing cells greatly increased in the CNS, and at E9 (HH35), plp/dm-20 ϩ cells were no longer detected in the ventricular zone.
Close Relationship between plp/dm-20-and Shh-Expressing Cells in the Early CNS
Induction of the oligodendroglial lineage has been proposed to be mediated by the ventral inducer Sonic hedgehog (SHH) (Pringle et al., 1996; Poncet et al., 1996) . We therefore FIG. 1. Early expression of plp/dm-20 transcripts in the chick embryo. The plp and dm-20 cDNAs were amplified after reverse transcription of total RNA extracted from E1 to E4 whole embryos (lanes 1, 1.5, 2, 2.5, 3, and 4) and from E8 to E18 dissected CNS (lanes 8, 12, 14, 16, and 18) . C, control PCR, without RT products; L, control RT-PCR from E18 chick liver, which does not express plp. The amount of S17 cDNAs (Trueb et al., 1988) by sample was used as a quantitative control of RT-PCR products (bottom) . Note the early expression of dm-20 transcripts (745 bp) at E1 and the codetection of plp message (850 bp) from E1.5 onward.
looked for a correlation between the ventricular patterns of distribution of plp/dm-20-and Shh-expressing cells. Double in situ hybridization performed at E2.5 and E4 showed a close relationship between plp/dm-20-and Shh-expressing domains (Figs. 2D, 2E, and 2H). The position of plp/dm-20 ϩ cells in the basal plate was facing the dorsal limit of Shh-expressing cells in the rhombencephalon, mesencephalon, and diencephalon. The plp/dm-20 ϩ paramedial domains closely paralleled the Shh medial columns, with the exception that Shh was continuously expressed from r1 to r7, and from the mesencephalic isthmus to the zona limitans, while the plp/dm-20 rhombencephalic column was interrupted at the level of each interrhombomeric boundary ( Fig. 2E ) and no plp/dm-20 ϩ cells were observed in the mesencephalic isthmus or the mesencephalic/P1 limit. In the alar plate of the forebrain, in the zona limitans ( Fig. 2H ) and the entopeduncular area, plp/dm-20 ϩ cells were in close vicinity to Shh ϩ cells. In the zona limitans, plp/dm-20 ϩ and Shh ϩ cells were most probably intermixed, since no plp/ dm-20 ϩ neuroepithelial cells were detected outside of the domain of Shh expression ( Fig. 2H ).
AA3 mAb Identifies Oligodendrocytes Expressing PLP/DM-20 Proteins in the CNS
We next questioned whether PLP/DM-20 proteins could be detected in the early plp/dm-20 mRNA-expressing cells of the neural parenchyme. We used a rat anti-mouse PLP/ DM-20 mAb (AA3) which has been raised against a peptide common to the C-terminal regions of the PLP and DM-20 proteins (Yamamura et al., 1991) . AA3 mAb cross-reacted with the chick PLP/DM-20 proteins, as shown by Western blots of P5 chick and mouse brain homogenates, on which AA3 mAb recognized the two bands corresponding to PLP and DM-20 (not shown).
By immunohistochemistry on chick brain cryosections, AA3 ϩ cells were detected from stage HH28 (E6) to posthatching stages. At E6, AA3 immunoreactivity was observed in some ventricular cells of the rostral rhombencephalic (Fig. 3A) , mesencephalic, and caudal diencephalic basal plate, localized in the position of plp/dm-20 ϩ cells. The ventricular AA3 ϩ cells extended radial processes toward the subpial surface, reminiscent of the early ventricular O4 ϩ cells previously described by Ono et al. (1997a) (Fig. 3A) .
At stage 34 (E8), double-labeling experiments with a plp/dm-20 riboprobe and the AA3 mAb showed that AA3 ϩ cells in the subventricular zone and the mantle layer were systematically facing the plp/dm-20 ϩ ventricular foci, in the telencephalon, diencephalon, mesencephalon, and rostral rhombencephalon (Fig. 3B) . As observed for the plp/ dm-20 transcripts (Figs. 2H and 2I), no AA3 ϩ cells were detected at the interrhombomeric boundaries or in the mesencephalic isthmus. AA3 ϩ cells were also absent from the laterodorsal mesencephalon and the dorsal telencephalon cortex.
From HH35 (E9) to HH37 (E11), AA3 ϩ cells were mostly aligned along the medial longitudinal fascicle of the midand hindbrain, as well as along the ventral funiculus of the spinal cord, caudally to r6. Interestingly, outside of the longitudinal fiber bundles, the parenchymal AA3 ϩ cells appeared heterogeneously distributed, in relation with the rhombomeres. The density of AA3 ϩ cells was higher in r1 and r3 than in r2 and r4 (Fig. 3F ). In the diencephalon, AA3 ϩ cells formed a continuous stream extending from the zona limitans derivatives (interstitialis of the optic tract) toward a sagittal section, plp/dm-20 ϩ cells are observed in the chiasmatic area (arrow), the P1 prosomere in the diencephalon (d), the mesencephalon (M), and the rhombencephalon (Rh). Note the positive signal in the dorsal root ganglia and the oculomotor nerve root In the midbrain and caudal forebrain the pattern of plp/dm-20 expression is basal, although more lateral than in the hindbrain (H-J). Note the absence of plp/dm-20 ϩ cells at the limit between the di-and the mesencephalon and in the mesencephalic isthmus (arrowheads in H). In the rostral forebrain, an expression of plp/dm-20 transcripts is detected in two sites of the alar plate: the zona limitans intrathalamica (P2-P3 interprosomeric boundary) (H-J) and the entopeduncular area, in the vicinity of the medial ganglionic eminence (K, L). In these rostral territories, the populations of plp/dm-20 ϩ and Shh ϩ cells are probably intermixed as suggested by the dark orange labeling of the zona limitans after double in situ hybridization (H). d, diencephalon; EPA, entopeduncular area; Is, isthmus; M, mesencephalon; MGE, medial ganglionic eminence; P, prosomere; Rh, rhombencephalon; r, rhombomere; T, telencephalon; ZL, zona limitans. Bar the superficial areas of the mantle layer (Fig. 3G ). In the telencephalon, AA3 ϩ cells were detected in the vicinity of the entopeduncular area, i.e., in the marginal zone of the preoptic area and in the ventral striatum (Fig. 3H) .
To examine whether the AA3 ϩ cells belonged to the oligodendroglial lineage, Vibratome sections of brain at HH34 (E8) were double labeled with the AA3 mAb, and either O4 or R-mAb, two well-defined oligodendroglial specific markers. All the AA3 ϩ cells were also O4 ϩ or R-mAb ϩ and therefore clearly oligodendroglial (Figs. 4A-4F). However, at E8, the differentiated AA3 ϩ oligodendrocytes did not represent the overall population of plp/dm-20expressing cells, as illustrated on cryostat sections treated for in situ hybridization with a plp/dm20 riboprobe and immunostained with AA3 mAb (Fig. 3B) . The proportion of plp/dm-20 ϩ cells expressing detectable levels of PLP/ DM-20 was estimated on serial sections of different territories. AA3 ϩ cells represented 22.4 Ϯ 4.5, 21.6 Ϯ 4.2, and 22.0 Ϯ 5.6% (mean Ϯ SD, n ϭ 12) of the total number of plp/dm-20 ϩ cells in the diencephalon, mesencephalon, and rostral rhombencephalon, respectively. Convergent data were obtained by counting the total number of cells expressing either O4-reactive antigen or plp/dm20, on serial Vibratome sections (O4) or cryosections (plp/dm20) of the r1-r2 rhombomeres, a spatially well-defined territory. At E7, the number of O4 ϩ cells represented 19.9 Ϯ 2.8% (mean Ϯ SD, n ϭ 3) of the total number of plp/dm-20 ϩ cells (900 Ϯ 35 O4 ϩ cells and 4514 Ϯ 1224 plp/dm-20 ϩ cells). However, at E10 -11, all plp/dm-20 ϩ cells were identified by AA3 mAb and therefore expressed PLP/DM-20 proteins. This result was confirmed, in vitro, by the analysis of the expression of plp/dm-20 transcripts and O4-reactive anti-gen in cultures of dissociated E7 basoventral neuroepithelium. After 2 days in vitro, all plp/dm-20 ϩ cells were O4 ϩ .
In the brain, the plp/dm-20-expressing cells can therefore be subdivided into two subpopulations. One, plp/dm-20 ϩ / AA3 ϩ /O4 ϩ , corresponds to differentiated oligodendrocytes which appear at E5-6, initially in the ventricular layer, and gradually increase in number mostly in the subventricular zone and in the marginal layer. The other, plp/dm-20 ϩ / AA3 Ϫ , is located in the ventricular layer between E3 and E9, as well as in the neural parenchyme from E6. This cell population does not express neuronal markers such as TuJ1 and MAP-2 mAbs, which indicates that it does not belong to the neuronal lineage ( Figs. 4G-4I) .
In contrast to the brain, in the spinal cord all the plp/dm-20-expressing cells from the time of their appearance were also AA3 positive (Figs. 3C-3E ), suggesting a distinct regional control of oligodendroglial differentiation.
Comparison of plp/dm-20, O4, and PDGFR␣ Expression by Early Neural Cells
To determine if the plp/dm-20 mRNA-expressing cells colocalized with O4 ϩ oligodendroglial foci, we compared the expression patterns of the two markers in the chick embryonic CNS. The patterns of O4-immunolabeled cells and plp/dm-20-expressing cells were compared on corresponding sections from two different brains. O4-expressing cells were first observed at E5 (HH26), in the basal plate of the brain anlage, in the same ventricular position as the plp/dm-20 ϩ cells. At E6 (HH28), all the sites of O4 expression in the entopeduncular area, the metencephalon, and the rostral rhombencephalon colocalized with the segmental position of the ventricular foci of plp/dm-20 ϩ cells (Figs. 5A-5F). The only exception was the cervical spinal cord, where no ventricular plp/dm-20 ϩ cells were observed in the position of the O4 ϩ cells (Figs. 5G and 5H) . Within the brain, however, the O4 ϩ cells were more numerous than the plp/dm-20 ϩ cells. In addition, for their vast majority, the O4 ϩ cells were detected in a subventricular position or dispersed in the mantle layer, whereas, at this developmental stage, most of the plp/dm-20 ϩ cells were still ventricular (Figs. 5A-5F).
We then examined whether the ventricular pattern of plp/dm-20 expression in the chick embryonic CNS correlated with the distribution of PDGFR␣ ϩ cells. In situ hybridizations were performed at stages HH26 and 31 (E5 and E7, respectively) with the plp/dm-20 and PDGFR␣ antisense riboprobes. On double-labeled cryosections of E5 brains, the PDGFR␣ ϩ and plp/dm-20 ϩ cells colocalized in the same segmental ventricular foci (Figs. 6A and 6B) . However, at the cellular level, coexpression of the two markers in the same cell was rarely observed (less than 10% of the labeled cells), and three different cell populations were distinguishable, PDGFR␣ ϩ /plp/dm-20 ϩ , PDGFR␣ ϩ / plp/dm-20 Ϫ , or PDGFR␣ Ϫ /plp/dm-20 ϩ (Fig. 6B ). On serial cryosections of E7 brains, PDGFR␣-and plp/dm-20expressing cells were also detected in the same ventricular foci (Figs. 6D-6F ). However, their patterns of distribution were strikingly different in the mantle layer ( Figs. 6G-6L ). Whereas PDGFR␣ ϩ cells were widely dispersed, the plp/ dm-20 ϩ cells were mostly distributed in the subventricular, paramedian, and marginal zones of the CNS. These two populations of cells were quantified in the region of r1-r2 rhombomeres where PDGFR␣ ϩ cells appeared to be 25% more abundant than plp/dm-20 ϩ cells (4514 Ϯ 1224 plp/ dm-20 ϩ cells and 6100 Ϯ 1181 PDGFR␣ ϩ cells; mean Ϯ SD, n ϭ 3).
Domains of plp/dm20 Expression Map in Vitro Oligodendroglial Potentiality
To examine whether the oligodendroglial potentiality was restricted to the ventricular domains expressing plp/ dm-20, neuroepithelial territories, either positive (basal plate of rhombencephalon, mesencephalon, and diencephalon) or negative (dorsal parts of rhombencephalon, mesencephalon, and telencephalon) for plp/dm-20 expression were carefully dissected at E1-1.5 (stage HH10 to 13). Explants were cultivated for 3 to 5 days before being phenotyped by labeling with O4 mAb (Table 1) . Oligodendrocytes were generated from the basoventral plates of diencephalon, mesencephalon, and rhombencephalon, which contained plp/dm-20 ϩ cells at E3, and from the dorsoalar part of the diencephalon, which included the plp/dm-20 ϩ zona limitans. In contrast, the presence of O4 ϩ cells was only rarely detected within the dorsoalar explants of telencephalon, mesencephalon, metencephalon, and rhombencephalon, which corresponded to plp/dm-20 Ϫ ventricular territories.
DISCUSSION
To analyze, in vivo, the emergence of the oligodendrocyte lineage in the chick embryonic brain, we have used the three different molecular markers currently available to FIG. 5. Ventricular O4 ϩ cells are emerging facing the plp/dm-20 ϩ territories. The expression patterns of plp/dm-20 transcripts (A, C, E, G) and O4-reactive antigen (B, D, F, H) in the ventricular layer were compared at stage HH27-28 (E6). Despite extensive attempts, double-labeling experiments could not be performed on the same section with O4 mAb and plp/dm-20 riboprobe, probably because O4 mAb recognizes a lipid-bound epitope which is extracted during the treatments of the sections with organic solvent required for the ISH. The pattern of O4-immunolabeled cells and plp/dm-20-expressing cells were, thus, compared on corresponding coronal sections from two similarly oriented brains. O4 ϩ cells were detected on Vibratome sections (green fluorescence). For each section, the distribution of O4 ϩ cells was precisely compared to the distribution of plp/dm-20 ϩ seen by ISH (purple) on cryosections from the second brain. In the brain (A-F), the foci of O4 ϩ cells (arrows) are facing the plp/dm-20 ϩ ventricular foci (arrows), as illustrated in the entopeduncular area of the basal telencephalon (A, B) , the basal plate of the metencephalon (C, D), and the caudal portion of r1 (E, F). In contrast, note the absence of plp/dm-20 ϩ cells ( (Timsit et al., 1995; Spassky et al., 1998) , whose spatiotemporal pattern of development was studied both at the mRNA and at the protein levels; the O4-reactive antigen (Ono et al., 1995 (Ono et al., , 1997a ; and the PDGFR␣ (Pringle et al., 1992; Hall et al., 1996) .
Early Specification of Brain Oligodendrocytes Is Reflected by the Presence of plp/dm-20 Precursors in the Ventricular Layer
Early expression of plp/dm-20 transcripts in the embryonic CNS of vertebrates has been reported in Xenopus (Yoshida, 1997) and mammals (Timsit et al., 1992 (Timsit et al., , 1995 Ikenaka et al., 1992; Dickinson et al., 1996; Hajihosseini et al., 1996) . In the mouse, we have recently shown in vitro that oligodendrocytes are generated from plp/dm-20expressing ventricular cells (Spassky et al., 1998) . In the present study, based on a series of convergent arguments, we illustrate, in vivo, that the ventricular domains of plp/dm-20 expression correspond to the foci that give rise to oligodendrocytes in the chick developing brain. First, plp/ dm-20 is expressed remarkably early in the ventricular layer of the brain anlage, closely associated to the domain of expression of SHH, a morphogen which has been proposed to be required for the induction of oligodendroglial lineage (Poncet et al., 1996; Pringle et al., 1996) . Second, the ventricular sites of plp/dm-20 expression, first detected in the embryonic brain at E2.5, start to produce O4 ϩ cells at E5, and each of these emerging populations shows the same segmental pattern of distribution along the rostrocaudal axis of the brain. Between E6 and E8, the number of O4 ϩ /AA3 ϩ cells, i.e., preoligodendrocytes (Ono et al., 1995) expressing the PLP protein, represents 20 -25% of the number of plp/dm-20 ϩ cells, suggesting that 75-80% of the plp/dm-20 ϩ cells are still either precursors or progenitors. Third, between E8 and E10 -E11, plp/dm-20 ϩ precursors disappear progressively from the ventricular zone and the progenitors rapidly differentiate into O4 ϩ /AA3 ϩ cells (preoligodendrocyte stage). Finally, in vitro, the potentiality to generate O4 ϩ cells appears to be restricted to the plp/dm-20-expressing domains. Together these findings are highly indicative that, in the developing chick brain, plp/dm-20 ϩ ventricular cells are oligodendrocyte precursors.
The onset of plp/dm-20 expression occurs more than 24 h after the appearance of the first neuronal populations in the brain, and only 3-4 h after the initiation of axonal tract development (Sechrist and Bronner-Fraser, 1991; Henrique et al., 1995; Ché dotal et al., 1994) . These tracts, the medial longitudinal fasciculus and the postoptic commissure, start to grow in the marginal zone of the ventral midbrain and alar forebrain, which are territories of ventricular plp/ dm-20 expression. (Easter et al., 1994) . The early specification of oligodendrocytes might therefore be spatially and temporally closely associated with the sprouting of the first ventral axons in the brain.
Early Segregation within the Oligodendroglial Lineage
In the mammalian spinal cord, it has been shown that oligodendrocytes derive from PDGFR␣-expressing ventricular precursors (Pringle and Richardson, 1993; Hall et al., 1996) . In the chick embryonic brain, as soon as PDGFR␣ is expressed, at E5, the vast majority of the PDGFR␣ ϩ and plp/dm-20 ϩ cells are distinct within the same foci (Fig. 6B) . At E6 -E7, the distribution of these two populations differs strikingly. The PDGFR␣ ϩ cells are more dispersed (Figs. 
Note. The neuroepithelium of E1-1.5 (HH 10 -13) embryonic chick brain was cleared of notocord and paraaxial mesoderm and explants of basoventral and dorsoalar territories were cultured in a serum-free medium. O4 ϩ oligodendrocytes were detected at 3-5 DIV. Results are expressed as the numbers of explants containing more than 10 O4 ϩ cells compared to the total number of explants analyzed. Note that only plp/dm-20 ϩ territories were oligodendrogenic, while almost no O4 ϩ cells were generated from plp/dm20 Ϫ dorsoalar explants.
reported on the camera lucida drawings of the sections. The plp/dm-20 ϩ (C) and PDGFR␣ ϩ (D) cells colocalize in the same ventricular foci of the basal plate, as illustrated in the rostral rhombencephalon (arrowhead). However, whereas plp/dm-20 ϩ cells were distributed mostly in the subventricular, parabasal, and marginal zones, PDGFR␣ ϩ cells were widely dispersed in the mantle layer. EPA, entopeduncular area; MGE, medial ganglionic eminence; LV, lateral ventricle. Bar: 600 m in (C-G), 300 m in (A), 150 m in (I, J), 80 m in (B). 6E-6H) and about 1.5 times more numerous than the plp/dm-20 ϩ cells. The relationship between the PDGFR␣ ϩ , plp/dm-20 ϩ , and O4 ϩ cells appears therefore complex.
It is possible that the different oligodendroglial cell types noticed in the early rostral CNS could derive from a unique oligodendrocyte precursor (Fig. 7A ). For instance, the PDGFR␣ ϩ /plp-dm-20 Ϫ cells detected at E6 could be generated by plp/dm-20 ϩ precursors and have down-regulated plp/dm-20 expression. When differentiating into O4 ϩ cells these cells would reexpress plp/dm-20, since PLP/DM-20 (AA3 ϩ ) and the O4-reactive antigen are coexpressed by the same cells.
On the other hand, oligodendroglial cells could derive from distinct neural precursors (Fig. 7B ). For instance, in the spinal cord, O4 ϩ ventricular cells emerge in the absence of plp/dm-20 ϩ ventricular precursors, suggesting that oligodendrocytes in the caudal CNS are derived from plp/dm-20 Ϫ precursors. In the rostral part of the CNS such PDGFR␣ ϩ /plp-dm-20 Ϫ precursors could also coexist with the PDGFR␣ Ϫ /plp-dm-20 ϩ precursor cells.
We have already proposed such a multiple origin of oligodendrocytes in the murine embryo in which segments lacking plp/dm-20 ϩ precursors are populated by PDGFR␣ ϩ cells (Spassky et al., 1998) . However, in the chick embryo, plp/dm-20 ϩ and PDGFR␣ ϩ neuroepithelial cells are present in all segments of the rostral CNS. Therefore, the positional information which controls the pattern of specification of neural stem cells into either plp/dm-20 ϩ or PDGFR␣ ϩ precursors probably differs between species. In the mouse brain, these positional cues are segment specific, whereas in the chick, they have to account for the mosaic-like distribution of plp/dm-20 ϩ and PDGFR␣ ϩ cells inside each ventral segment of the CNS. An explicative model for such a mosaic pattern of specification has already been proposed for different subtypes of motor-and interneurons, which segregate within contiguous columnar domains along the ventrodorsal axis of the neuroepithelium (Pfaff et al., 1996; Ericson et al., 1997) .
Brain Regionalization and Oligodendrocyte Specification
The segmental emergence of oligodendrocytes in the early embryonic brain raises the hypothesis of a strong influence of brain regionalization on the process of oligodendrocyte specification and differentiation during embryogenesis. This observation correlates with previous reports on the emergence of motor-and interneurons, for which a metameric pattern of specification has already been described in the rhombencephalon (Lumsden and Krumlauf, 1996; Tanabe and Jessel, 1996) . The precursors of these neuronal subtypes form contiguous longitudinal columns of ventricular cells, the localization of which depends on ventrodorsal positional information corresponding to specific morphogenetic molecules (Marti et al., 1995; Roelink et al., 1995; Tanabe and Jessel, 1996; Pfaff et al., 1996; Ericson et al., 1996 Ericson et al., , 1997 Lee et al., 1998) .
In the spinal cord, the emergence of oligodendroglial precursors in the basal plate requires morphogenetic signals derived from the notochord and/or floor plate (Trousse et al., 1995; Orentas and Miller, 1996; Poncet et al., 1996) , which are mimicked by the peptide SHH (Poncet et al., 1996; Pringle et al., 1996) . In the present study, we observed that oligodendrocyte specification occurs closely dorsal to the lateral limit of the Shh-expressing domain in the basal plate of the hindbrain and midbrain, whereas plp/dm-20 and Shh are expressed in the same domains within the forebrain. These topographic relations suggest a possible influence of SHH on oligodendrocyte precursor specification in the brain. The segmental pattern of oligodendroglial specification, however, contrasts with the continuous domain of expression of Shh along the rostrocaudal axis of the embryonic brain. For instance, the interprosomeric and -rhombomeric boundaries, as well as the isthmic region, are plp/dm-20-negative territories and do not generate oligodendrocytes. Therefore, signals distinct from Shh, and repressive for both plp/dm-20 expression and oligodendroglial commitment, probably control the fate of neural precursors in the boundary regions.
In addition, para-axial signals may also regulate the ventricular expression of plp/dm-20, without affecting the specification of oligodendrocytes. Indeed, caudally to r7, the ventricular cells do not express plp/dm-20 transcripts. Noteworthy, r7 corresponds to the level along the rostrocaudal axis at which the somitic mesoderm first develops, suggesting that early plp/dm-20 expression could be controlled by x signals, as was shown for Hox (Itasaki et al., 1996; Gale et al., 1996; Grapin-Botton et al., 1997) , MafB/Kr (Grapin-Botton et al., 1998) , and Pax6 (Pituello et al., 1999) genes.
In conclusion, the onset of expression of plp/dm-20 appears to be the earliest event indicative of oligodendroglial specification. We therefore propose, based on the expression of plp/dm-20 transcript, a ventricular map of the oligodendrogenic domains of the embryonic chick brain. It will allow further investigations concerning: (i) whether there are, in the adult, regional populations of oligodendrocytes related to these multiple foci of precursors and (ii) whether all the adult brain oligodendrocytes derive directly from these early ventricular sites.
